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surface of the fluid, the pressure in the generator was allowed 
to increase a few torr, providing the thaw which allowed the 
solids to sink into the liquid. One freeze and thaw was re- 
ferred to as a cycle, and repeated cycling accumulated solids. 
This cycling process (freezing and thawing) around the triple 
point was repeated until the solid fraction reached a desired 
level. The change in pressure from the freeze through the 
thaw portion of the cycle could be increased through the 
addition of gaseous helium or hydrogen to the generator 
ullage. 

A propeller-type mixer was used during the production 
process to help break up the solid layer on the surface and to 
keep the slush hydrogen homogeneous. This mixer was opera- 
ted from 0 to 60 percent of the maximum 400 rpm speed. The 
mixer had the capability of being operated such that the fluid 
could be pushed in the upward or downward direction. The 
density of the slush hydrogen in the generator was measured 
using an externally mounted nuclear radiation attenuation 
(NRA) densimeter with a 150-millicurie (mCi) cesium 137 
source. The generator was also instrumented with a capaci- 
tance liquid level probe and silicon diode temperature sensors. 

In addition, the generator had a viewing port to allow visual 
access to the generator during slush hydrogen production. 

Following production, the slush hydrogen was transferred 
through the flow system to a 5-ft diameter spherical test tank 
located inside the K-Site 25-ft-diameter vacuum chamber. The 
flow system itself was approximately 125 ft long and con- 
structed of 1.5 in. Schedule 5 stainless steel vacuum-jacketed 
pipe to the chamber wall. Inside the vacuum chamber 1.5 in. 
bare stainless steel pipe was used, and the facility vacuum 
(approximately 1x10 torr) provided the insulation for the 
line. The transfer system consisted of five valves and various 
elbows, mitre bends, bayonet fittings, bellow's, and flex lines. 
The transfer line was equipped with a pressure tap and trans- 
ducer located at the outlet of the generator to give an 
upstream pressure measurement. The transfer line was also 
equipped with an NRA densimeter with a 25-mCi cesium 137 
source. The flow line densimeter was horizontally mounted on 
the transfer line, approximately 9 ft from the tank inlet, to 
provide a density measurement during transfer for determining 
slush solid loss. This densimeter had an accuracy of 
±1 percent, as provided by the manufacturer. The test tank 
was equipped with a capacitance liquid level sensor and a 
viewing port for visual access. The liquid level sensor had a 
manufacturers^ reported accuracy of ±0.25 in. The test tank 
also had a mechanical mixer installed in it for use during 
expulsion experiments. In order to minimize the potential for 
pressure collapse in the test tank during transfer, this mixer 
was not used during the transfer process into the tank. 

Prior to SLH2 transfer the spherical test tank and flow 
system were precooled by filling the test tank with normal 
boiling point liquid hydrogen, then outflowing the liquid 
through the transfer line back to the supply dewar. Once the 
liquid had been drained from the test tank through the flow 
system (a tee in the transfer line allowed for cooling up to the 
generator, as indicated in Fig. 1), transfer of slush could begin. 
For most runs the generator mixer was operated at 50 to 
60 percent of the maximum 400 rpm speed in the downward 
direction at the initiation of transfer. During transfer the 
slush generator was pressurized to a desired level using gaseous 
helium, the test tank was vented to atmospheric pressure, and 
slush hydrogen was allowed to flow up to the test tank, ini- 
tially bypassing the test tank. Once it was clear that slush 
hydrogen existed in the transfer line, as indicated by the 
densimeter on the line near the test tank inlet, the test tank 
valve was opened and slush hydrogen was transferred into the 
tank. 


Generally, the generator pressure was set at 35 psia or higher, 
based on results of previous experiments. 4 If a lower upstream 
transfer pressure was desired, the generator pressure was 
decreased once slush hydrogen started flowing into the test 
tank. The triple point liquid hydrogen runs were performed in 
the same manner as the slush hydrogen runs except that, for 
some runs, the generator mixer was not used. In the normal 
boiling point hydrogen transfers there was no mixing in the 
generator. In addition, the bypass to the test tank was not 
used for the triple point and normal boiling point liquid hydro- 
gen runs. 

Pressure drop information for the transfer of slush was 
obtained using the pressure sensor in the line near the genera- 
tor outlet (upstream line pressure) and the pressure measure- 
ment for the spherical test tank. The flow rate was obtained 
by measuring the change in liquid level in the test tank and 
calculating the average volumetric flow rate based on flow 
time. To assure that a steady-state measurement was 
obtained, the calculation used only the change in liquid level 
from approximately 10 to 40 in. in the tank. The accuracy of 
calculating flow rate in this method was approximately 
±2 percent, based on the accuracy of the liquid level measure- 
ment. The density measurements reported represent the aver- 
age density during the first 20 sec of the steady-state flow time 
for both the line and generator densimeters. The density 
values at the beginning of the run were chosen for the solid 
loss determinations as the densities at the start of the run 
were thought to be representative of the solid fraction loss 
during flow. At later periods in the run, particularly near the 
end of the run, the measurement of the slush solid fraction in 
the generator dropped off dramatically for many cases. This 
was the result of a generator liquid level dropping below the 
generator densimeter sampling level. It should be noted that 
using a higher number of points to obtain an average solid 
fraction loss would not change the general results obtained 
using the density data. All transfer data were obtained using 
the ESCORT data recording system at a nominal rate of one 
scan of data every 5 sec. 

Analytical Model 

FLUSH, the analytical model used to calculate pressure 
drop and solid loss in slush hydrogen flow systems, was used 
for comparison against the experimental results. FLUSH 
solves the one-dimensional, steady-state energy equation and 
the Bernoulli equation to provide these estimates.^ Input to 
the FLUSH code included element length and diameter, fluid 
temperature, heat leak into each element, flow resistance 
coefficient, pipe roughness, initial upstream pressure, initial 
slush hydrogen solid fraction, and range of volumetric flow 
rates being considered. The values of heat leak for all ele- 
ments and flow resistance coefficients for the valves were 
obtained from the manufacturer’s data. The values of the flow 
resistance coefficient for the mitre bends and elbows were 
obtained from standard correlations in the literature. The 
pipe roughness was also obtained from manufacturer data. 
Output from the FLUSH code included pressure drop, final 
solid fraction at the end of the flow system, final liquid tem- 
perature, and mass flow rate. 

Results 

Production 

Production of slush hydrogen was achieved through the 
freeze-thaw process, as described above. All production tests 
described here were conducted using a freeze-thaw cycle time 
similar to that used in previous tests. 4 Seventy-five batches of 
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slush hydrogen were produced in Test Series II, with an aver- 
age batch size of 640 gal. The total amount of slush hydrogen 
produced during this test series was approximately 48 000 gal. 
The solid fraction of the slush hydrogen batches ranged from 
53 to 63 percent (5.12 to 5.18 lb/ft^). The freeze-thaw time 
for production of a 50-percent solid fraction or greater batch of 
slush hydrogen was approximately 1.5 to 3 hr in Test Series II. 
This time does not include the time to reach triple point condi- 
tions starting from normal boiling point liquid hydrogen. 

Flow Stagnation During Transfer 

From previous testing 4 it was determined that flow stag- 
nation (the inability to transfer slush hydrogen from the 
generator to the test tank) could be prevented by using a high 
upstream pressure (30 psia or greater) and by operating the 
mixer in a downward direction at 50 to 60 percent maximum 
speed to prevent agglomeration of solids in the bottom of the 
generator. When these techniques were used no flow stagna- 
tion occurred in the Test Series II experiments. However, 
several tests were performed to determine the minimum mixer 
speed required to prevent flow stagnation. Three separate 
attempts were made at transferring slush hydrogen using a 
mixer speed of 40 percent. In two tests, each at an approxi- 
mate slush hydrogen volume of 675 gal, no transfer was possi- 
ble at 40 percent mixer speed. Once the mixer speed was 
increased to 60 percent, flow was initiated in these experi- 
ments. In the third test, at a slush hydrogen volume of 
550 gal, a mixer speed of 40 percent was sufficient to transfer 
slush hydrogen to the test tank without stagnation. It appears 
that the volume of the slush hydrogen in the generator may 
affect the ability to transfer slush hydrogen in this system. At 
the higher slush hydrogen volumes, more solids exist in the 
generator than is the case at lower volumes. These solids may 
collect in the bottom of the generator, possibly leading to 
stagnation when mixer speeds less than 50 percent are used. 
Therefore, mixing appears to affect the ability to transfer slush 
hydrogen. This result could apply to flight support tanks with 
large quantities of slush hydrogen; in these tanks mixing may 
significantly affect the ability to transfer the fluid. 

Flow Rate Versus Pressure Drop: SLH2, TPH2, and NBPH2 

Figure 4 shows the volumetric flow rate versus pressure 
drop data for slush hydrogen, triple point hydrogen, and 
normal boiling point liquid hydrogen transfer through the 
K-Site flow system. The slush hydrogen and triple point 
hydrogen data were obtained in Test Series II, while the nor- 
mal boiling point liquid hydrogen data were from Test Series I. 
The data in Fig. 4 indicate that slush hydrogen, triple point 
liquid hydrogen, and normal boiling point liquid hydrogen dis- 
play similar volumetric flow rate characteristics. Calculations 
performed comparing the flow characteristics of the three 
fluids show that as density increases the volumetric flow rate 
should decrease. It appears from the figure that the normal 
boiling point volumetric flow rate is actually lower than that 
for either the slush hydrogen or triple point hydrogen; how- 
ever, this difference in volumetric flow rate was small. 

Figure 5 shows the mass flow rate versus pressure drop. 

The mass flow rate was obtained from the volumetric flow rate 
and the line density (an average of the entire run). It can be 
seen in the figure that the mass flow rate for slush hydrogen is 
slightly higher than the triple point runs at the same pressure 
drop. The normal boiling point data show the lowest mass 
flow rate when compared with the other fluids. Because mass 
flow rate is proportional to volumetric flow rate and density, 
slush hydrogen should show a slightly higher mass flow rate 
when compared to normal boiling point liquid or triple point 


hydrogen at the same pressure drop, as was the case shown in 
Fig. 5. More accurate means of determining flow rates for 
slush hydrogen are required if further comparison between 
liquid hydrogen and slush hydrogen transfer is made, as the 
differences in the transfer characteristics of the three fluids 
appear to be small. 

The flow characteristics discussed above were determined 
based on average pressures in the slush generator and the test 
tank during the transfer process. Examination of the data 
indicated that the variation of pressure in the slush generator 
was small (less than 0.5 psia) during the transfer process. The 
test tank pressure, however, was found to change by a larger 
amount during the transfer process. The average pressure 
change in the test tank was 0.7 psia. Because the pressure 
drop is an average for the run, this tank pressure increase 
could present some inaccuracy in the flow characteristic deter- 
mination, leading to the scatter in the slush hydrogen data 
shown in Figs. 4 and 5. The tank pressure also changed for 
the triple point and normal boiling point hydrogen transfers; 
however, the change in pressure was not as great, averaging 
0.1 psia for both fluids. This reduced pressure change may 
have led to less scatter in the triple point and normal boiling 
point results shown in Figs. 4 and 5. 

The comparisons of the flow rate-pressure drop charac- 
teristics show that the flow rates of slush hydrogen, triple 
point hydrogen, and normal boiling hydrogen were similar. 

This result implies that, in terms of steady-state flow charac- 
teristics, slush hydrogen transfer systems can be designed using 
liquid hydrogen technology. 

Flow Rate Versus Pressure Drop: FLUSH Analytical Com- 
parisons " 

Figure 6 shows the comparison of the analytical results 
with the slush hydrogen experimental data for volumetric flow 
rate versus pressure drop. The data show that FLUSH pro- 
vided close agreement in predicting the pressure drop/flow rate 
characteristics for slush hydrogen, although the code appears 
to underpredict the pressure drop for most runs. This agree- 
ment was within 11 percent (total) in all cases shown here. 
Similar results are provided for triple point hydrogen and 
normal boiling point liquid hydrogen in Figs. 7 and 8, respec- 
tively. The FLUSH code gave similar agreement with the 
triple point data, within 10 percent on volumetric flow rates 
greater than 100 gpm, within 16 percent at flow rates less than 
100 gpm. The agreement for all normal boiling point liquid 
hydrogen runs was within 18 percent for most cases above 
100 gpm, and within 35 percent for most cases below 100 gpm, 
but the pressure drop was overpredicted for all cases. 

The close agreement between FLUSH and the experi- 
mental data was expected as standard liquid friction factor 
correlations were used, and, from the data shown in Figs. 4 
and 5, slush hydrogen showed similar flow characteristics when 
compared to normal boiling point liquid hydrogen. Differences 
between the code and the experimental data may have been 
the result of inaccuracies in determining flow rate, as discussed 
above, as well as some potential inaccuracies in defining the 
piping system, such as pipe roughness. In addition, only 
steady-state flow is being considered here; transient flow 
behavior must still be examined. However, it appears from the 
data presented here that steady-state slush hydrogen flow 
characteristics can be modeled accurately for large flow sys- 
tems using the FLUSH code. 
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Slush Hydrogen Solid Fraction Losses 

Figure 9 shows the absolute solid fraction loss during 
transfer, defined as the solid fraction in the generator minus 
the solid fraction in the flow line entering the test tank. This 
solid fraction loss is compared to predictions with the FLUSH 
code. As discussed above, the density and solid fraction values 
are an average of the data in the first 20 sec of the transfer 
process. As shown in the figure, the losses were less than 
15 percent (0.15) for most runs. However, the data scatter 
was quite large, ranging from 0 to 17 percent (0 to 0.17). 
Although the FLUSH predictions shown in Fig. 9 fall in the 
middle of the solid fraction loss data, the scatter on the data 
precludes verification of the thermodynamic models within the 

FLUSH code. 

Examination of transient density data showed that there 
were many cases in which the flow line densimeter actually 
gave values which were higher than the generator densimeter 
readings, some by as much as 0.06 lb/ft 3 . These points were 
not included in Fig. 9 as this implies a negative solid fraction 
loss, or solid fraction gain, during transfer, which is physically 
impossible. Figure 10 shows the transient density measure- 
ments during the transfer process for a typical slush hydrogen 
transfer run. In the figure, run number (RUN NO.) was the 
test number assigned by the researcher, while reading number 
(RDG NO.) refers to the number assigned to each test run by 
the data recording system. As can be seen in Fig. 10, the flow 
line density measurements varied greatly (by 0.05 Ib/ft ) 
during the transfer period, while the slush hydrogen^generator 
density remained nearly constant. In previous tests it was 
postulated that wide variations in density and negative solid 
losses during transfer were indicative of nonequilibrium flow 
behavior at low transfer rates (less than 100 gpm). It appears 
from the current data that wide variations in the transfer 
density measurements may occur even at higher flow rates. It 
is not clear at this time whether this variation is the result of 
a physical phenomenon, such as solids settling during transfer, 
or whether these results point to an inherent difficulty in 
measuring density during the flow process. Future multi- 
dimensional modeling efforts may indicate whether solid strati- 
fication could occur at these flow rates in this slush hydrogen 
transfer system. 

In the existing transfer system a nuclear radiation atten- 
uation densimeter was used to obtain the flow line density 
data. In future systems it may be desirable to examine the use 
of other types of densimeters for this measurement. Another 
technique to obtain density change during transfer would be 
the measurement of density in a receiver tank, assuring that 
the slush hydrogen is well-mixed in this tank. Given the 
density results obtained here it is clear further work is neces- 
sary to determine solid fraction loss in a slush hydrogen trans- 
fer system. 


Concluding Remarks 

Experiments were conducted at the NASA Plum Brook 
K-Site Facility to examine slush hydrogen transfer characteris- 
tics. Flow rate-pressure drop characteristics were obtained 
during transfer from a slush hydrogen generator vessel to a 
5-ft-diameter spherical test tank for slush hydrogen, triple 
point hydrogen, and normal boiling point liquid hydrogen. 
These characteristics were used for comparison against the 
FLUSH analytical code, a one-dimensional model developed at 


NASA Lewis for calculating pressure drop and solid fraction 
loss during the flow of slush hydrogen. 

Transfer tests indicate that flow stagnation can occur at 
lower generator mixer speeds, possibly because of increased 
agglomeration of solids in the bottom of the generator with 
low mixer speeds. No flow stagnation occurred at the higher 
mixer speeds. The flow data indicated that slush hydrogen, 
triple point hydrogen, and normal boiling point liquid hydro- 
gen exhibited similar volumetric and mass flow rate- pressure 
drop characteristics, indicating that the fluids flowed essen- 
tially the same. Density measurements showed slush hydrogen 
solid fraction losses of less than 15 percent for most cases. 
However, wide variations in the density loss data and the 
transient flow line density measurements point toward the 
need for further study in the area of slush hydrogen density 
measurements in flow systems. 

Finally, the FLUSH code gave agreement to within 
1 1 percent for the slush hydrogen flow characteristics. For the 
triple point transfer tests the difference between FLUSH and 
the flow data was within 16 percent for all cases. For norma 
boiling point liquid hydrogen runs this agreement was within 
18 percent at high flow rates, and within 35 percent at flow 
rates of less than 100 gpm. The large scatter on the solid 
fraction loss data precluded accurate comparisons between the 
density data and FLUSH analytical predictions. 

The test results indicate that slush hydrogen can be 
transferred through complex flow systems designed for Liquid 
hydrogen. In addition, the technology information obtained in 
this effort increases the confidence that slush hydrogen or 
triple point liquid hydrogen can be used on future space 
vehicles. 
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Figure 1.— NASA Plum Brook K-Site Facility schematic. 



Figure 2.— Overall photograph of NASA 
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Figure 3. — NASA LeRC SLH 2 production subsystem at Plum Brook Station. 
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Figure 4.— Volumetric flow rate for slush hydrogen, triple point 
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Figure 5. — Mass flow rate for slush hydrogen, triple point 
hydrogen, and normal boiling point hydrogen. 
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Figure 6. — Comparison of SLH 2 volumetric flow rate data with 
FLUSH analysis. 
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Figure 7. — Comparison of TPH 2 volumetric flow rate data with 
FLUSH analysis. 




Volumetric Flow Rate, gpm 



Pressure Drop, psl 


Figure 8. — Comparison of NBPH 2 volumetric flow rate data 
with FLUSH analysis. 
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Figure 9. — Comparison of SLH 2 solid fraction loss data with 
FLUSH analysis. 
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Figure 10. — Slush hydrogen density during transfer: 
run no. 5464, RDG. 969, flow rate = 144 gpm. 
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